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ABSTRACT
This review provides a synthesis of the last ten years of research on nanodelivery systems used for the
delivery of essential oils (EOs), as well as their potential as a viable alternative to antibiotics in human
and veterinary therapy. The use of essential oils alone in therapy is not always possible due to several
limitations but nanodelivery systems seem to be able to overcome these issues. The choice of the
essential oil, as well as the choice of the nanodelivery system influences the therapeutic efficacy
obtained. While several studies on the characterization of EOs exist, this review assesses the character-
istics of the nanomaterials used for the delivery of essential oils, as well as impact on the functionality
of nanodelivered essential oils, and successful applications. Two classes of delivery systems stand out:
polymeric nanoparticles (NPs) including chitosan, cellulose, zein, sodium alginate, and poly(lactic-co-
glycolic) acid (PLGA), and lipidic NPs including nanostructured lipid carriers, solid lipid NPs, nanoemul-
sions, liposomes, and niosomes. While the advantages and disadvantages of these delivery
systems and information on stability, release, and efficacy of the nanodelivered EOs are covered in the
literature as presented in this review, essential information, such as the speed of emergence of a
potential bacteria resistance to these new systems, or dosages for each type of infection and for each
animal species or humans is still missing today. Therefore, more quantitative and in vivo studies should
be conducted before the adoption of EOs loaded NPs as an alternative to antibiotics, where
appropriate.
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1. Introduction

In the 21st century, antibiotic resistance has been identified
as one of the world’s greatest threats to human and animal
health and proved to be a real scourge in the fight against
pathogenic microorganisms. This phenomenon is responsible
for around 25,000 deaths annually which could become one
of the leading causes of death worldwide (Manus, 2019).
Today, even the most common infections are becoming diffi-
cult to treat. For example, the resistance of Escherichia coli to
3rd generation cephalosporins has increased six-fold in
healthcare facilities in recent years (Manus, 2019). The mas-
sive and unreasonable use of antibiotics has accelerated anti-
biotic resistance (Jamil et al., 2016) and since the late 1960s,
very few new classes of antibiotics have been synthesized,
which has highlighted the antibiotic resistance phenomenon
(Sabtu et al., 2015). Bacteria such as Pseudomonas aeruginosa,

Staphylococcus aureus, coagulase-negative Staphylococcus,
Salmonella spp., Shigella spp., Enterococcus spp., and
Escherichia coli are currently in the spotlight, as being the
most antibiotic-resistant bacteria and leading to the most
serious infections in humans and animals (Chouhan et al.,
2017). The possibility of antibiotic resistance transfer from
intestinal bacteria of animals to human via the consumption
of foods of animal origin is of concern (Ambrosio et al.,
2017) and calls for alternatives to antibiotics in animal pro-
duction that would be equal or more effective than antibiot-
ics, and could be used as a treatment, during systemic or
localized infections, with minimal risk to human and animal
health (Cerbu et al., 2021).

Medicinal and aromatic plants have been known for
thousands of years for their therapeutic virtues. Their by-
products, specific essential oils (EOs) with antimicrobial
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properties in particular, have been discovered and exten-
sively characterized (Chouhan et al., 2017). However, due
to the fact that these extracts are not stable when
exposed to various factors such as heat, humidity, oxygen,
or light, their direct use has been extremely difficult in
human and veterinary therapy (Shetta et al., 2019; G€undel
et al., 2020).

In terms of pharmacokinetics, even though EOs benefit
from a fast absorption following oral, pulmonary and der-
mal administration, EOs are quickly metabolized, leading to
a short half-life and low bioavailability (Baptista-Silva et al.,
2020). For example, it has been demonstrated that the
highest level of EOs occurred 2 hours after the administra-
tion, with no EOs detected in the bloodstream in just
5 hours (Horky et al., 2019). Interactions with other food
components were shown to enhance EOs bioavailability
(Horky et al., 2019), and specific formulations can be devel-
oped to achieve the same objective. The ultimate goal of
using a delivery system for EOs is to improve their delivery,
release, and bioavailability in tissues and cells (Baptista-Silva
et al., 2020) .

Nanoparticles containing essential oils (EOs NPs) are one
of the proposed solutions to fight against the phenomena of
antibiotic resistance as various studies carried out over the
past ten years show that they could effective in systemic
infections (Shin et al., 2019), and localized infections
(Saporito et al., 2018). Different delivery systems loaded with
entrapped EOs have been developed and when tested
in vitro (Ghodrati et al., 2019; Sugumar et al., 2015) and
in vivo (Alam et al., 2018) they proved to improve efficacy of
EOs as antimicrobials. Moreover, nanodelivered EOs incorpo-
rated directly in animal food proved to be effective in reduc-
ing the rate of food-borne infections in animals, in particular
because of bacteria (Nouri, 2019; Amiri et al., 2020; Hosseini
& Meimandipour, 2018).

A robust literature is available on nanodelivery of essen-
tial oils. The type of EOs selected and their antimicrobial
properties, as well as the type of nanodelivery systems
used to deliver the EOs impact the therapeutic efficacy of
the nanodelivered EOs. Therefore, special emphasis is
placed in this review on materials used to make the nano-
delivery systems, divided into two classes, polymeric and
lipidic NPs. The properties of these delivery systems as
well as their applications in veterinary and human medi-
cine are also covered. This review contains three main sec-
tions: (i) advantages offered by nanodelivery of EOs as
antimicrobials, (ii) importance of the characteristics of
nanodelivery systems in the delivery of EOs, and (iii) types
of nanodelivery systems for EO delivery. The 3rd section
also highlights the most important characteristics and
pharmacokinetic benefits offered by different delivery sys-
tems, together with potential applications and drawbacks.
To the best of authors’ knowledge, this is the first review
that critically assesses the characteristics of the nanodeliv-
ery system itself and impact on stability, release, and func-
tionality of EOs, for efficient and safe delivery of EOs as
antimicrobials.

2. Advantages offered by nanodelivery of essential
oils as antimicrobials

Some studies have shown that EOs are good therapeutic
alternatives to antibiotics, to fight against local infections, for
example in chronic wounds (Rozman et al., 2020), and
against systemic infections, particularly in intensive farming
systems where the microbial pressure is often higher than in
extensive farming systems (Nouri, 2019). However, the use of
free essential oils in food systems or therapy has several limi-
tations, such as (a) high volatility (Shetta et al., 2019;
Ghodrati et al., 2019; Nouri, 2019; Almeida et al., 2019); (b)
unfavorable effects on organoleptic characteristics (Hosseini
& Meimandipour, 2018; Scandorieiro et al., 2016), especially
given their strong odor which is confusing for animals when
EOs are added to their diet (Hosseini & Meimandipour, 2018;
Shetta et al., 2019), and (c) the presence of adverse reactions
that decrease both palatability and food intake (Nouri, 2019;
Hosseini & Meimandipour, 2018). These reactions result in
degradation of essential oils when exposed to various exter-
nal factors (Ghodrati et al., 2019) such as heat (Shetta et al.,
2019; Luis et al., 2020), light, oxygen, pH, humidity (Shetta
et al., 2019; Bazana et al., 2019), chemicals (Shetta et al.,
2019), pressure (Shetta et al., 2019; Mohammadi et al., 2020),
and gastric digestion (Bazana et al., 2019). Other factors such
as low solubility (Shetta et al., 2019; Luis et al., 2020), hydro-
phobic nature (Shetta et al., 2019; Nouri, 2019), low stability
especially oxidative instability, low bioavailability (Nouri,
2019), high lipophilicity and poor membrane permeability
(Ghodrati et al., 2019) could also be responsible for the fail-
ure of EOs to provide good results in vivo. Most of these lim-
itations can be overcome by the nanodelivery of essential
oils (Hosseini & Meimandipour, 2018; Luis et al., 2020).

The principle of nanoencapsulation/nanoentrapment is
fundamental to overcome the limits imposed by the use of
free essential oils in therapy. Encapsulation is a process that
consists of loading materials within the empty core sur-
rounded by a wall material of a capsule, which allows the
protection and controlled release of bioactive compounds
(Ezhilarasi et al., 2013). Alternatively, nanoentrapment refers
to the loading of a bioactive compound by embedding it
into the nanoparticle matrix. Both types of nanodelivery sys-
tems can mask the EOs’ unpleasant odor, control their
release, increase their solubility and stability, or have an
intrinsic antimicrobial effect (Bazana et al., 2019).
Nanodelivery not only allows to protect the bioactive com-
pounds of essential oils from the degradation that could
occur by direct contact with different environmental factors
(light, heat, pH, humidity, oxygen) (Hosseini &
Meimandipour, 2018), but it also helps increase their effect-
iveness (Luis et al., 2020). It has been shown that loading
essential oils into nanoparticles can increase their affinity for
targets, improve their penetration, and speed up their accu-
mulation process in different cell types (Ghodrati et al.,
2019). This allows the active substances to act at the site of
interest, increases their ability to remain in the bloodstream
for long periods, and protects the active substance from
enzymatic hydrolysis (Souza et al., 2017).
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Thus, there is an interest in developing new materials at
the nanometric scale, which seem promising to improve the
delivery and efficacy of EOs (Shetta et al., 2019).

3. Importance of the characteristics of nanodelivery
systems in the release of essential oils

It is known that the administration of any bioactive com-
pound to various sites in the body is intimately related to
the composition, size, surface charge of the nanodelivery sys-
tem used, along with other factors (Suganya & Anuradha,
2017; Ezhilarasi et al., 2013). The small size of nanoparticles
allows them to pass through different biological barriers in
order to deliver drugs to various levels (Wang et al., 2020).
Relative to microencapsulation (Suganya & Anuradha, 2017;
Paulo and Santos, 2017; Mohammadi Gheisar et al., 2015;
Castro-Rosas et al., 2017; Sun et al., 2019; Kujur et al., 2017),
nanoencapsulation has been shown to have greater potential
in terms of bioavailability, controlled release, and precision
targeting of bioactive compounds (Suganya & Anuradha,
2017; Ezhilarasi et al., 2013). Indeed, the smaller the size of a
particle, the greater the specific surface, the reactivity and
the bioavailability of the entrapped drug, resulting in an
enhanced functionality of the bioactive, such as antimicrobial
efficacy (Basavegowda et al., 2020; Ezhilarasi et al., 2013).

Nanoparticles can be developed into release systems,
intended to release the active substance only after it has
arrived at the site of action in the body (Suganya &
Anuradha, 2017; Ezhilarasi et al., 2013). They can be custom-
ized into timed release systems, of a specific release rate of
the active substance (Suganya & Anuradha, 2017; Bazana
et al., 2019) and their content can be released at controlled
rates under specific conditions (Amiri et al., 2020). Several
studies report on nanodelivery systems engineered to release
the active substance slowly in the body thanks to the encap-
sulating material (Suganya & Anuradha, 2017). Nanoparticles
are protective release systems, capable of shielding the
active substance from degradation by external factors
(Suganya & Anuradha, 2017; Amiri et al., 2020; Bazana
et al., 2019).

Apart from the size, other characteristics seem of para-
mount importance for the proper functioning of the nanode-
livery systems. Among these, the polydispersity index (PDI) is
a parameter that is used to assess the particle size uniform-
ity. A PDI lower than 0.3 ensures a size distribution in a col-
loidal system without the formation of precipitant (Paula
Zapelini de Melo et al., 2019). The PDI is an important par-
ameter to measure given that a monodisperse system is able
to deliver a consistent amount of compound (PDI < 0.1) in
comparison with a polydisperse system (PDI > 0.1) (Gomes
et al., 2011; Hill et al., 2013).

Another important parameter is zeta potential (ZP). ZP is
not only a good stability indicator of the nanoparticles in
suspension as a result of the magnitude of electrostatic
repulsion/attraction between particles (Bagheri et al., 2021;
Hadidi et al., 2020; Jamil et al., 2016; Paula Zapelini de Melo
et al., 2019; Khezri et al., 2020), but also a measurement of
nanoparticle interaction with biological systems. Given that
the bacterial cell wall carries a negative charge, positively
charged NPs will interact stronger with these cells (Jamil
et al., 2016; Cinteza et al., 2018).

4. Types of nanodelivery systems for EO delivery

Several types of nanodelivery systems have been highlighted
in the literature during the last ten years. Among these, we
identify two main categories: polymeric and lipidic; which
differ from each other by virtue of their characteristics,
advantages, drawbacks and applications, but they both have
biodegradable and eco-friendly characteristics.

Assessing the dynamics of publications for biodegradable
and eco-friendly NPs, made from chitosan, cellulose, zein,
sodium alginate, PLGA and lipids (Figure 1), it is apparent
that the number of publications gradually increased between
2012 and 2020 for all types of delivery systems. Chitosan NPs
stand out with the highest number of hits with a steep and
sustained rate of increase over time. During the past
40 years, an important number of papers have been pub-
lished on chitosan and its potential use in various applica-
tions. According to the Web of Science database, chitosan as
such has been the subject of more than 66000 publications
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Figure 1. The dynamics of publications for biodegradable and eco-friendly NPs (the ISI Web of Science Core Collection Clarivate Analytics was searched with the
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in the past 10 years. Among these publications, more than
4600 have described its use in the field of nanosciences and
nanotechnologies. Thus, chitosan seems to be of tremendous
importance and has a growing potential as a nanocarrier
agent for its use both in food systems and in therapy.
Moreover, half of these publications are from the last 4 years
(Web of Science, searches carried out on 08/01/2021).

Lipid NPs come second, reaching a plateau between 2016
and 2019, followed by an significant increase. PLGA NPs and
cellulose NPs respectively generally seem to follow the same
trend. Finally, a lower number of publications mention zein
NPs and sodium alginate NPs, with a slowly growing number
of publications over the past 10 years.

Of the many scientific publications available on various
nanodelivery systems (Figure 1), only a minority describe
specifically the use of these nanodelivery systems for delivery
of EOs as antimicrobials in medical or veterinary therapy,
summarized below.

4.1. Natural and eco-friendly materials

4.1.1. Chitosan nanoparticles (CS NPs)
Usually, when talking about chitosan, we refer to polymers
that are characterized by the number of sugar units per poly-
mer molecule, which defines the molecular weight and the
degree of deacetylation – an important parameter to take
into account because it affects the solubility of chitosan in
aqueous solutions, so it can also influence the EOs release
(Dodane & Vilivalam, 1998).

A substantial number of studies report on EO delivery
using chitosan nanoparticles (Table 1). EOs loaded into CS
NPs such as Green tea (Camellia sinensis) EO (Shetta et al.,
2019), Nettle (Urtica dioica L) EO (Bagheri et al., 2021), or
Clove (Eugenia caryophyllata) EO (Hadidi et al., 2020) have
been shown to have antibacterial properties against Gram-
positive and Gram-negative bacteria, relevant for many sys-
temic or localized infections in humans, companion animals
as well as in the production animals. Other EOs loaded into
CS NPs are considered to be a suitable alternative to syn-
thetic antibiotic growth promoters (still used in some parts
of the world), as in-feed in poultry production with targeted
antibacterial activity against pathogenic bacteria, while pre-
serving the development of bacteria of the intestinal flora.
Some examples include Thyme (Thymus vulgaris) EO
(Hosseini & Meimandipour, 2018), Mint (Mentha piperita) EO
(Nouri, 2019) or Garlic (Allium sativum) EO (Amiri et al., 2020).
It is hence concluded that EOs loaded into CS NPs are a key
player for both medical and veterinary applications.

4.1.1.1. Characteristics of the chitosan NPs and impact on
functionality of nanodelivered EOs. Chitosan NPs of differ-
ent characteristics (monodisperse, ranging from 50 to 600 nm
in diameter, positively charged) were developed for delivery
of EOs, with different impact on EO functionality (Table 1). A
study conducted on Tilapia (Oreochromis nilotica) demon-
strated that CS NPs may have different metabolic pathways
compared to CS and that this allows them to improve diges-
tion and absorption of nutrients at lower EOs inclusions

levels (Hosseini & Meimandipour, 2018). CS NPs are able to
bind the EOs and open the tight junction in the gut cells, in
order to allow a better absorption of EOs (Nouri, 2019). The
nanoparticles delivery system is able to transport the essen-
tial oil to the surface of the bacterial cell membrane and
improve its uptake, while the pure essential oil (with low
solubility in water) could not easily be in contact with the
cell layers (Mohammadi et al., 2020). Another study has
shown that the surface chemistry of CS NPs affects the inter-
action with the cells in the physiological environment during
drug delivery via cutaneous route on chronic wounds
(Rozman et al., 2020), while other factors such as the size
and shape of nanoparticles also play a fundamental role in
the performance of the NPs (Rozman et al., 2020; Hosseini
et al., 2013). Several mechanisms, such as surface erosion,
disintegration, diffusion, and desorption have been reported
to explain how EOs could be released from CS NPs. The
main mechanism responsible for the release of EO has been
shown to be diffusion of EO out of CS NPs into the external
environment, followed by degradation of the polymer matrix.
Generally, the rate of release is initially very high, followed
by a subsequent slow release of the EO (Esmaeili and Asgari,
2015; Hosseini et al., 2013; Sotelo-Boy�as et al., 2017).

Chitosan NPs with controlled release profiles were devel-
oped to improve the efficacy of the nanodelivered EOs.
Generally, the release profile had an initial burst between
12 hours and 9 days, followed by a slower release (Shetta
et al., 2019; Hosseini et al., 2013; Hosseini and
Meimandipour, 2018; Mohammadi et al., 2020; Halevas et al.,
2017; Esmaeili and Asgari, 2015). The release profile followed
a Fickian behavior (Mohammadi et al., 2020; Shetta et al.,
2019), or a first order of kinetic model (Rozman et al., 2020).
Several studies agreed that the release was faster at low pH
(Mohammadi et al., 2020; Shetta et al., 2019; Esmaeili and
Asgari, 2015) which could be explained by the swelling and
partial dissolution of the CS NPs (Shetta et al., 2019). To
increase encapsulation efficiency and loading capacity, the
use of a higher weight ratio of EO to chitosan was recom-
mended (Rozman et al., 2020; Hosseini et al., 2013). Besides,
efficient encapsulation and release of EOs, CS NPs has pro-
ven itself as a suitable EOs delivery system in broiler chick-
ens, improving body weight gain, feed conversion ratio
(Nouri, 2019; Amiri et al., 2020; Hosseini and Meimandipour,
2018) and even feed intake (Nouri, 2019; Amiri et al., 2020).

4.1.1.2. Advantages and drawbacks of chitosan nanode-
livery systems. Chitosan is considered to be a superior car-
rier agent due to its polysaccharide nature with
mucoadhesive, nontoxic, and renewable properties (Yadav
et al., 2020). The higher the molecular weight of chitosan,
the better its mucoadhesion, with an ideal value of approxi-
mately 1400 kDa (Dodane & Vilivalam, 1998). Chitosan has
antimicrobial potential which has been described as being
innate (Jamil et al., 2016) – probably related to the reduction
of the permeability of bacterial cell membranes thanks to
the interaction of positively charged amino groups of chito-
san and the negatively charged microbial cells (Hosseini &
Meimandipour, 2018; Nouri, 2019). Furthermore, studies
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indicated that the positively charged nanoparticles were able
to alter the electron transport chain of the bacterial mem-
brane (Rozman et al., 2020; Packia Lekshmi et al., 2012), and
that chitosan has the ability to form a film, of good perme-
ability, and high tensile strength (Hosseini & Meimandipour,
2018). Chitosan, depending on its molecular weight and its
degree of deacetylation has hemostatic properties, thanks to
the positive charges that can bind to negative charges of
erythrocytes (Yahya et al., 2020; Bano et al., 2017). Moreover,
its positive charges improve absorption and provide strong
binding to carboxyl-negative charges on bacterial cell walls
(Nouri, 2019). Chitosan is the most studied and the most
appropriate nanocarrier for the delivery of EOs because of its
abundance, its GRAS (¼ Generally Recognized As Safe) status,
its high encapsulation efficiency, and its controlled release of
EOs (Chaudhari et al., 2020). It has a low production cost,
good biodegradability, good biocompatibility, and its use has
therefore drastically increased in recent years in the pharma-
ceutical and food applications (Wang et al., 2020). Effectively,
chitosan-based nanomaterials have been found acceptable
for food applications by consumers, and even by the food
industry and regulatory agencies (Kalagatur et al., 2018).
Besides its own properties described above, CS NPs act syn-
ergically with the EOs, improving their thermal stability, pro-
tecting their phenolic content, ensuring a prolonged release
profile, and improving their antioxidant as well as their anti-
bacterial activity; all of this for nutraceutical, cosmetic and
pharmaceutical use (Shetta et al., 2019). No major drawbacks
of CS NPs have been described so far, which make it very
attractive for several medical or veterinary applications, espe-
cially when compared to other types of nanoparticles.

4.1.1.3. Potential applications of CS-EOs NPs. As briefly dis-
cussed above, CS NPs loaded with EOs could be used as an
alternative to antibiotics to improve animal performance,
especially in intensive farming systems. The role of chitosan
here is to increase the beneficial effects of EOs, delivered via
food (Nouri, 2019; Hosseini & Meimandipour, 2018; Amiri
et al., 2020)- it allows more efficient delivery of EOs to the
target site in the gastrointestinal tract (Rapha€el &
Meimandipour, 2017). On the other hand, its unique bio-
logical characteristics (hemostatic, broad-spectrum antibac-
terial, and mucoadhesive properties) allow its use in wound
dressing with ideal release behavior intended to cure local
infections, to stop hemorrhages, and to support the wound
healing process (Yahya et al., 2020; Rozman et al., 2020).

4.1.2. Cellulose nanomaterials
Cellulose is the most abundant biopolymer on our planet
and can be obtained from many renewable and sustainable
sources such as primary and secondary cell walls of plants,
or bacteria and some animals (Yahya et al., 2020). Cellulose
is frequently used to carry various types of substances, and
particularly EOs, characteristics and applications of which are
reported herein (Table 2).

4.1.2.1. Characteristics of cellulose nanomaterials and
impact on functionality of nanodelivered EOs. Cellulose-
based aerogel can immobilize or encapsulate inside its cellu-
lose network EOs with antibacterial properties. Moreover, cel-
lulose, both in the form of nanocrystal (CNC) or nanofiber
(CNF) benefits from a high surface area, high strength, and
adjustable surface chemistry; properties permitting itself to
have controlled interactions with other molecules, such as
EOs (Yahya et al., 2020). CNCs have a dense shell that allows
the reduction in volatility of EOs therefore decreasing the
speed of EOs release. Thus, CNCs enable a longer and more
sustained antimicrobial activity of EOs in the environment
thanks to a controlled release of EOs over the desired period
(Shin et al., 2019). CNFs also allow controlled and sustained
drug delivery due to their binding to CNFs chains
(Pandey, 2021).

4.1.2.2. Advantages and drawbacks of cellulose as nano-
delivery systems. Nanocellulose is nontoxic (Bacakova et al.,
2019) and nanocellulose materials are known to have no
adverse effects on health and the environment (Darpentigny
et al., 2020). When used to stabilize Pickering emulsions,
nanocellulose with entrapped EOs are more advantageous
than other synthetic or inorganic nanoparticles due to the
factors such as better biocompatibility, degradability, and
lower cost (Shin et al., 2019). Cellulose nanocrystals are con-
sidered to be better than cellulose spheres or nanofibers
because this allows better control of the morphology and
reproducibility of emulsion formation (Shin et al., 2019).
Nanocellulose has unique biological characteristics due to its
hemostatic, antibacterial, and mucoadhesive properties,
which are very useful in healing wounds and stopping bleed-
ing (Yahya et al., 2020). In addition, cellulose’s water absorp-
tion and retention capacity are high, which gives it a good
drainage capacity of exudates from wounds, while support-
ing and improving the growth and proliferation of cells
(Bacakova et al., 2019).

As drawbacks, we can note that cellulose nanofibers
alone, like carboxymethyl cellulose films without EOs (Simsek
et al., 2020) do not have any antimicrobial properties
(Pandey, 2021), contrary to others such as chitosan nanopar-
ticles which have intrinsic antimicrobial properties.
Furthermore, cellulose nanofibers toxicology assessment is
under a critical debate given its frequent clinical applications
(Pandey, 2021).

4.1.2.3. Potential applications of cellulose-EOs NPs.
Currently, limited data is available on the therapeutic
applications of cellulose in nanoform (Pandey, 2021;
Simsek et al., 2020). For example, cellulose nanomaterials
such as crystals are suitable for systemic use and they
have antimicrobial action when encapsulating EOs (Shin
et al., 2019). Cellulose nanomaterials encapsulating EOs are
also suitable for topical use because of their antimicrobial,
hemostatic, and mucoadhesive action of use in the treat-
ment of superficial and deep wounds (Darpentigny
et al., 2020).
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4.1.3. Zein NPs
Zein has been recognized to be a particularly interesting pro-
tein for nanoparticles production (Gonçalves da Rosa et al.,
2020). It belongs to a family of prolamins which are com-
posed of hydrophobic amino acids (Merino et al., 2019), such
as proline, leucine, glutamine and alanine (da Rosa et al.,
2015). Zein has been shown to be a promising carrier agent
(Table 3) thanks to its biodegradability and biocompatibility,
making it a good candidate for the nanodelivery of active
substances, and the release of nutrients and drugs (Wu
et al., 2012).

4.1.3.1. Characteristics of the zein NPs and impact on
functionality of nanodelivered EOs. The most important
characteristic of zein is its solubility in alcoholic solutions,
due to the high proportion of non-polar amino acids and
the deficiency of basic and acidic amino acids (Paula Zapelini
de Melo et al., 2019). Zein benefits from GRAS status and it
has been classified as a food-grade ingredient by the FDA.
Hence, zein was used for drug delivery, vitamin protection in
food, as an antioxidant, and emulsifier. It has different
morphology/solubility under different pH conditions which
makes it versatile and exceptionally suitable for a variety of
uses (Wu et al., 2012). Particles range from 100 to 800 nm,
some more monodisperse than others (PDI 0.1–0.3 and
higher) (Table 2). Different release profiles can be achieved
by zein from a continuous release of EOs from the zein NPs
during the first 8 h, followed by a slow release without any
burst effects (Gonçalves da Rosa et al., 2020), to the rapid
release in the presence of bacteria (Wu et al., 2012).
Generally, for zein NPs, the EO release profile followed the
Korsmeyer-Peppas kinetic model (Gonçalves da Rosa et al.,
2020; da Rosa et al., 2015).

It has been demonstrated that zein-EOs NPs are able to
improve EOs stability during storage between 90 and
180 days at 4 �C, 6 �C, and 20 �C (Luis et al., 2020; Gonçalves
da Rosa et al., 2020; da Rosa et al., 2015; Paula Zapelini de
Melo et al., 2019). According to the study from Paula
Zapelini de Melo et al. (2019), the use of nonionic surfactant
is of paramount importance in order to prevent NPs aggre-
gation and maintain their stability for a longer period
of time.

4.1.3.2. Advantages and drawbacks of zein as encapsulat-
ing NPs. Thanks to a strong interaction between zein and
EOs, zein is a good wall material for EO nanodelivery
(Gonçalves da Rosa et al., 2020). Zein has been shown to
have a high encapsulation efficiency, and it prevents the
degradation of the active compound during storage (for a
minimum period of 90 days) (Gonçalves da Rosa et al., 2020).
Zein has the ability to form flexible biodegradable films at
low cost and resistant hydrophobic coatings which protect
against bacteria. It even exerts a protective effect against the
toxicity of certain botanical compounds. Moreover, zein NPs
containing EOs represent a viable and effective formulation
that allows reducing the amount of active substances
needed while improving the stability of the naturalTa
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compounds and maintaining their bactericidal effects (Luis
et al., 2020).

An important limitation is the scarcity of toxicological
studies that will need to be performed for a better under-
standing of the effects of zein nanodelivery system (Luis
et al., 2020).

4.1.3.3. Potential applications of zein-EOs NPs. Zein-EOs
NPs could be used in aquaculture for more sustainable pro-
duction of fish due to its bactericidal action against patho-
genic bacteria in fish where it could replace several
antibiotics, such as oxytetracycline, florfenicol, amoxicillin,
and erythromycin (Luis et al., 2020). Zein nanodelivery sys-
tems could be used as an antimicrobial against both Gram-
positive and Gram-negative bacteria, responsible for various
types of infections (Merino et al., 2019; da Rosa et al., 2015;
Wu et al., 2012).

4.1.4. Sodium alginate
Sodium alginate (NaAlg) is a natural polysaccharide derived
from brown algae cell walls, especially Macrocystis pyrifera,
Laminaria hyperborea, and Ascophyllum nodosum (Hassani
et al., 2020). It contains unbranched chains composed of
b-D-Mannuronate and a -L-Glucuronate residues, linked by a
b-(1-4) glycosidic covalent bond (Liakos et al., 2014). NaAlg is
widely used in synthesis of nanodelivery systems due to its
nontoxicity, good biocompatibility, and its ability to be cross-
linked. NaAlg films are suitable for encapsulation of bioactive
substances in pharmaceutical applications (Hassani et al.,
2020), including delivery of EOs (Table 4).

4.1.4.1. Characteristics of the NaAlg NPs aerogels and
impact on functionality of nanodelivered EOs. Aerogel is
formed by the replacement of the liquid of a gel by a gas,
but without any structural change. The skeletal structure of
the aerogels such as those made by NaAlg limits the release
of the active substances, and the release rate decreases in
time (Qin et al., 2020; Yahya et al., 2020). Control of the pore
size is a key element in the amount of substance that is
released. The large surface area involves low dissolution
properties of the active substances in the aerogel which is
important for the long time delivery of the active substances.
Hydrophilic aerogels are ensuring a fast active substances
release, which makes them an interesting candidate for the
controlled release of poorly water-soluble substances such as
EOs (Yahya et al., 2020). So far few studies exist on the anti-
microbial activity of EOs combined with NaAlg in aerogel
form (Table 4), all in vitro (Liakos et al., 2014; Rosa et al.,
2018). The release of the EO from the films occurred in a
very moist environment thanks to the adsorption of humidity
by the NaAlg matrix (Rosa et al., 2018) over a period of
1–17 days. In fact, the aerogel did not completely dissolve by
the end of the period tested and it retained the EOs, which
provides a great advantage in preserving EO’s functionality
over time (Liakos et al., 2014). Ta
bl
e
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4.1.4.2. Advantages and drawbacks of NaAlg as encapsu-
lating aerogels and NPs. NaAlg is considered a nontoxic
(Hassani et al., 2020), natural, biodegradable, and biocompat-
ible material, which can absorb 200 to 300 times its weight
in water. In contact with a humid environment, it can swell
and release drugs and encapsulated molecules (Liakos et al.,
2014). Its ability to preserve a solid type attribute even under
acidic conditions makes it highly attractive for biological
applications. It has hemostatic properties, useful in bleeding
wounds treatment, and has mucoadhesive properties. It is
also able to protect the bioactive compound against physical
stress (Yahya et al., 2020).

When compared with the other nanocarriers, one poten-
tial drawback would be that NaAlg films have no inherent
antimicrobial properties. Thus, colonization of the wound by
bacteria prior to EOs release can delay the healing process
and lead to potential complications (Liakos et al., 2014).

4.1.4.3. Potential applications of NaAlg-EOs films. NaAlg-
EOs films could be used in the production of dressings with
good healing properties (Liakos et al., 2014), both in superfi-
cial and in chronic wounds (Rosa et al., 2018).

4.1.5. Plga-based NPs
Poly (D, L-lactic-co-glycolic) acid (PLGA) is a copolymer that
has been widely used for synthesis of nanoparticles (Sharma
et al., 2016). Its hydrolysis leads to metabolite monomers,
lactic acid and glycolic acid (Nallamuthu et al., 2013). These
two monomers are endogenous and almost effortlessly
metabolized by the body via the Krebs cycle; therefore min-
imal systemic toxicity is reported with the use of PLGA for
substance delivery or other biomedical applications
(Nallamuthu et al., 2013). PLGA NPs developed for nanodeliv-
ery of essential oils were reported to improve their anti-
microbial properties (Table 5).

4.1.5.1. Characteristics of the PLGA-based NPs and impact
on functionality of nanodelivered EOs. The release of EOs,
and particularly Cinnamon (Cinnamomum spp.) and Clove
(Eugenia caryophyllata) from the PLGA-NPs is generally char-
acterized by an initial burst effect during the 1st hour fol-
lowed by a steady plateau (Hill et al., 2013; Gomes et al.,
2011), in accordance with the modified 2-term Fickian model
(Gomes et al., 2011; Danhier et al., 2012). Several factors are
involved in the EO release, such as the affinity of EO for the
PLGA-NPs, diffusion of active compound through the poly-
mer matrix, polymeric erosion, PLGA swelling, and degrad-
ation (Hill et al., 2013). PLGA NPs have a degradation time
that can vary from several months to several years, depend-
ing mainly on to main characteristics: molecular weight and
copolymer ratio (Sharma et al., 2016).

Only in vitro studies have been conducted using PLGA-
based-EOs NPs, generally monodisperse, negatively charged
and measuring 100–300 nm (Nallamuthu et al., 2013; Gomes
et al., 2011; Esfandyari-Manesh et al., 2013). EOs release pro-
file occurred according to a biphasic pattern, with an initial
burst effect within 1 and 10 initial hours (Hill et al., 2013;

Almeida et al., 2019; Iannitelli et al., 2011; Esfandyari-Manesh
et al., 2013; Nallamuthu et al., 2013), which could be
explained by the fast dispersion of EOs close to or attached
to the surface of the PLGA NPs (Nallamuthu et al., 2013; Hill
et al., 2013), as a function of the physicochemical properties
of the EOs (Iannitelli et al., 2011). The initial release was fol-
lowed by a sustained release between 1 and 8days (Iannitelli
et al., 2011; Esfandyari-Manesh et al., 2013; Nallamuthu et al.,
2013; Almeida et al., 2019), which can be legitimized by the
fact that the EOs must cross the polymeric matrix into the
external medium. EOs deeply entrapped in the polymeric
matrix have a longer distance to travel and therefore the
release rate decreased over time (Esfandyari-Manesh et al.,
2013; Hill et al., 2013). The release profile is generally carac-
terized by the 2-term exponential kinetic model(Gomes et al.,
2011), but it can be also close to the Korsmeyer-Peppas
model (Almeida et al., 2019).

4.1.5.2. Advantages and drawbacks of PLGA as encapsu-
lating NPs. PLGA presents the advantage to have been rec-
ognized as a biocompatible, biodegradable and safe by US
FDA and European Medicine Agency (Sharma et al., 2016;
Danhier et al., 2012). Moreover, formulations and methods of
production are well-described and adapted to various types
of substances. PLGA protects EOs from degradation, it allows
for their sustained release. Surface properties can be modi-
fied to provide stealthiness and/or better interaction with
biological materials. There is also the possibility to target
PLGA-NPs to specific organs or cells (Danhier et al., 2012).
Additionally, PLGA NPs have the ability to cross the blood-
brain barrier which make them a suitable polymer used in
treating neurological and psychological disorders
(Nallamuthu et al., 2013).

Despite all mentioned advantages, PLGA NPs have a rela-
tively low substance loading efficiency. This limits its use as
NPs delivery systems in clinical trials (Sharma et al., 2016), in
addition to having a high cost of production and difficulty
for scale-up (Danhier et al., 2012).

4.1.5.3. Potential applications of PLGA-based-EOs NPs.
PLGA-based-EOs NPs were developed to fight against food-
borne pathogens such as Gram-positive and Gram-negative
bacteria (Hill et al., 2013; Gomes et al., 2011; Nallamuthu
et al., 2013). However, some studies have demonstrated that
these PLGA-based-EOs NPs were remarkably more effective
against Gramþ bacteria than against Gram- bacteria
(Esfandyari-Manesh et al., 2013). In addition,PLGA-based-EOs
NPs were also proposed as a mean against biofilm-associated
infections (Iannitelli et al., 2011).

Figure 2 represents in a synthesized way the characteris-
tics, advantages, drawbacks and applications of polymeric
NPs as delivery systems for essential oils.

4.1.6. Lipid-based NPs (solid lipid NPs, nanostructured
lipid carriers, nanoemulsions, niosomes, liposomes)

Lipid-based nanoparticles are formed from natural lipids:
cocoa butter as solid lipid, and olive oil and sesame oil as
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liquid lipid (Saporito et al., 2018).To date, several systems
based on lipid-based NPs have been described: (a) Solid lipid
NPs, which primarily consist of fatty acids or mono-, di-, or
triglycerides (Katopodi and Detsi, 2021); (b) Nanostructured
lipid carriers, which are emergent generations of lipidic
nanoparticles introduced after solid lipid NPs (Khezri et al.,
2020); (c) Nanoemulsions, which are transparent and translu-
cent oil in water emulsions with an average droplet diameter
of 20 to 200 nm (Naseema et al., 2021); (d) Niosomes, com-
posed of nontoxic self-assembly vesicles, with a single or
multiple layered structure, and with the ability to encapsu-
late hydrophobic and hydrophilic molecules (Garc�ıa-D�ıaz
et al., 2019); (e) Liposomes, which are enclosed spherical
vesicles with one or several concentric phospholipidic
bilayers and an internal aqueous phase (Sebaaly et al., 2015;
Doskocz et al., 2020). Some lipid-based NPs with entrapped
EOs (40 to >1000 nm in diameter, mostly polydisperse) were
found suitable as antimicrobials in medical or veterinary
applications (Table 6).

4.1.6.1. Characteristics of the lipid-based NPs and impact
on functionality of nanodelivered EOs. The nanostructured
lipid carriers are able to penetrate in a bacterial cell, disrupt
biomembranes, release polypeptides into the medium and
decrease the ATP content of the cell (Ghodrati et al., 2019).

The precise in vivo mechanism of action of nanodelivered
EOs with lipid-based NPs is not known, but the in vitro
mechanism is known to be related to the interaction with
biological membranes (Souza et al., 2017; Ghodrati et al.,
2019). This is because the EO, by acting on the biological
membranes, causes an expansion of the lipid bilayer, altering
the integrity of the membrane, inhibiting the enzymes inside
the membrane and thus increasing its fluidity, with the sub-
sequent release of intracellular components (Souza
et al., 2017).

More in vivo studies have been reported for lipid-based-
EOs NPs than for all other nanodelivery systems (Souza
et al., 2017; Alam et al., 2018; Ibrahim et al., 2021).
Nanoemulsions have been developed for rapid absorption,
improved oral bioavailability and better therapeutic efficacy
of EOs (Alam et al., 2018). Solid lipid NPs benefit from a
physical stability up to 3months at 2–8 �C (Saporito et al.,
2018; Fazly Bazzaz et al., 2018), whereas liposomes have a
stability improvement up to 2months at 4 �C (Sebaaly
et al., 2015).

4.1.6.2. Advantages and drawbacks of lipid nanodelivery
systems. Lipid nanodelivery systems have the following
advantages: (a) appropriate physicochemical properties, (b)
good bio-adhesion (due to their flexibility this promotes

Figure 2. The characteristics, advantages, drawbacks, and applications of polymeric NPs as delivery systems for essential oils.
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interaction with the biological substrate and the formation
of a bio-adhesive seal, which allows intimate contact
between formulation and lesion for good treatment effi-
ciency); (c) good cytocompatibility; (d) improvement of
proliferation and wound healing properties toward fibro-
blasts; (e) synergistic action combined with EOs for anti-
microbial properties; (f) efficacy and safety demonstrated
in vivo (Saporito et al., 2018); (g) administration of lipo-
philic and hydrophilic substances; (h) increased stability
and bioavailability of the substance; (i) safety; (j) good
penetration through the lipid bilayer (Ghodrati et al., 2019;
Łukawski et al., 2020). Furthermore, solid lipid NPs can (a)
transport hydrophobic substances; (b) combine the advan-
tages and reduces the limitations of the use of other col-
loidal carriers such as nanoemulsions, liposomes, polymeric
micro or nanoparticles; (c) they are biodegradable with low
systemic toxicity and low cytotoxicity; and (d) it is possible
to produce them on a large scale (Fazly Bazzaz et al.,
2018). Nanostructured lipid carriers are recognized to be
better in terms of loading capacity and stability of the EO
contained than other lipid-based nanocarriers such as
nanoemulsions or liposomes (Khezri et al., 2020).
Nanoemulsion advantages compared to other colloidal vec-
tors of EOs, are: (a) ease of preparation; (b) low cost of
preparation; (c) physical and thermodynamic stability; (d)
easy formation of nanometric droplet diameters (Alam
et al., 2018); and (e) they are safe and nontoxic to animals
(Alam et al., 2018). Niosomes are biodegradable, easy to
store and handle and have low toxicity (Garc�ıa-D�ıaz et al.,
2019). Moreover, liposomes are biocompatible and non-
immunogenic, thus representing an interesting approach
to incorporate EOs and to improve their solubility (Sebaaly
et al., 2015).

So far, several drawbacks on the use of lipid-based NPs
such as solid lipid NPs and nanoemulsions have been identi-
fied: (a) poor encapsulation capacity of EOs; (b) limited solu-
bility in water; (c) oxidation of lipids, and (d) release of EOs
during storage (Shetta et al., 2019). Although the loading of
EOs into liposomes has been studied previously (Sebaaly
et al., 2015), the instability of liposomes, rapid release of the
entrapped drug, high costs (materials and process) and poor
loading efficacy of the drug are major drawbacks to the lipo-
somes which will have to be considered (Hasheminejad
et al., 2019; Keawchaoon & Yoksan, 2011).

4.1.6.3. Potential applications of lipid-based-EOs NPs. To
date, the use of lipid-based-EOs NPs has been proposed in
aquaculture against pathogenic bacteria (Souza et al., 2017)
as well as for topical use on chronic wounds and severe
burns (Saporito et al., 2018). Nanoemulsions, even at low
concentrations, show a great capacity to reduce the adhe-
sion of pathogenic microorganisms to surfaces and to inhibit
the formation of biofilm, so this phenomenon explains why
they could be used in local treatment (da Silva G€undel
et al., 2018).

The characteristics, advantages, drawbacks and main
applications of various lipid carriers are summarized in
Figure 3.Ta
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5. Conclusion

In this review, the emphasis was placed on nanodelivery sys-
tems loaded with EOs, which turn out to be a promising
alternative to fight against antimicrobial resistance in human
or in veterinary therapy. Several polymeric and lipidic sys-
tems are available for nanodelivery of essential oils with spe-
cific advantages of improving EO dispersibility, stability, and
release kinetics with an overall improved efficacy over that
of free EO. While a wealth of information is available on the
topic in the literature as covered in this review, we conclude
that more quantitative and in vivo studies should be con-
ducted before commercial application of EOs loaded NPs as
an alternative to antibiotics, where appropriate.
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